












subjected to isotropic compression (Selvadurai and

Głowacki, 2008). Other components of the test facility

included a Quizix precision pump (Model QX-6000-HC) to

supply fluid flow to the sample at flow rates in the range

0.00034–50.00 ml/min with an accuracy of 0.1% of the set

value. The pressure pulses were measured using a Hon-

eywell Model TJE-200 g pressure transducer (Model

060-0708-12TJG; 0-200 psi gauge pressure, with an

accuracy of 0.1% of full scale range) and all data acqui-

sition was performed using components supplied by Mea-

surements Computing. The acquisition of data was

integrated using the Tracer DAQ Pro-software that allowed

scanning rates up to 50 kHz. Although the pulse is applied

over a finite time, the result relevant to the estimation of the

permeability using the pulse test is the magnitude of the

maximum initial pressure pulse and its decay with time. A

schematic view of the experimental layout is shown in

Fig. 5.

Sample assembly

The sample should be assembled in the GDS cell so that

there is no possibility of leakage from the pressurizing

chamber into the sample. The cell pressure is applied

through a nitrile membrane supplied by Premier Industrial

Hose Manufacturing Ltd. The unstretched internal diameter

of the membrane was approximately 100 mm, with a wall

thickness of approximately 3.2 mm. The sample is placed

on the base pedestal and sealing is normally provided by

stainless steel hose clamps that are located at the base and

at the top of the sample. The seal between the nitrile

membrane and the base pedestal and top cap is crucial to

the reliable experimentation. It was observed that at pres-

sures ranging from 5 to 20 MPa, a sealing agent was

needed to develop the reliable seal. The base pedestal and

the top cap and nitrile membrane were first cleaned using

Sika Remover-208 and treated with Sika-Aktivator. The

flexible sealant Sikaflex-221 was applied to all metal–

nitrile membrane contacting surfaces, ensuring that a thin,

but continuous coating was developed to provide the seal.

The first hose clamp was then tightened around the base

pedestal. The membrane was then filled with de-aired water

and the lower porous steel diffuser disc was placed on the

surface of the base pedestal. A prepared Lindsay Limestone

core subjected to the saturation sequence described previ-

ously was then inserted into the nitrile membrane causing

the water to force out any air trapped in the tubes leading to

the sample and preventing drying of the sample. The upper

porous metal diffuser is then inserted and the top cap and

top of the membrane are cleaned and treated with Sika

Remover-208 and Sika-Aktivator. The second hose clamp

is placed over the membrane, and the Sikaflex-221 is

applied to the top cap and to the top of the membrane. The

top cap is then inserted and the hose clamp fastened. The

assembled sample is kept unpressurized for 24 h to allow

drying of the sealants. Water is then pumped through the

system in the absence of sealing pressure to remove any air

that could have been trapped at the sample–nitrile mem-

brane interface and within the pore space of the stainless

steel diffuser discs. This sample assembly procedure was

found to be highly effective and was followed during the

assembly of both samples that were tested. The chamber of

the GDS cell was filled with water and the confining

pressure increased to its starting value of 5 MPa.

Experimental procedure and results

The outlet for fluid flow from the sample consisted of high

pressure-resistant stainless steel, which allows unobstructed

fluid efflux from the sample in a high pressure environment.

The outer cell of the GDS triaxial cell was secured using a

self-sealing arrangement and the maximum cell pressure

that could be applied to the cell was 65 MPa. The pres-

surizing fluid can also be silicone oil, but this was not

necessary for the range of pressures encountered in the

current series of experiments. Once the triaxial cell was

assembled, de-aired water was pumped through the sample

to remove any further air that may have been released



procedures. Any leakage from the connections, valves, the

sealing between the sample and the nitrile membrane and

diffusion of water molecules into the nitrile membrane

could, in principle, influence the results of the experiments.

The issue of possible leakage through the membrane can be

excluded from the discussion, since such a leak would have

been recorded as a drastic increase in the upstream pres-

surization boundary and rapid water efflux from the

downstream boundary. The fluid pressure in the pressur-

izing chamber also remained unchanged during these

additional tests. The question of leakage through the

components, including valves and connections was exam-

ined by conducting a pulse test where the sample was a

solid aluminum cylinder of diameter 100 mm and length

200 mm. The experiment was performed at both 5 and

20 MPa of confining pressure. The duration of the test was

approximately 5,000 s and Fig. 6 illustrates the typical

decay curves that have been observed for the system

leakage for tests conducted at both 5 and 20 MPa. It is

clear that the increase in cell pressure does not result in any

change in the decay rate. This suggests that the seal

between the sample and the membrane is sound and the

system leakage is most likely due to factors associated with

the components of the pressurizing system. The perme-

ability corresponding to the leakage can be quantified in

terms of an ‘‘apparent permeability’’ and this is estimated

at approximately 3 � 10�23 m2 (which is an order of





Limestone cored perpendicular to the bedding plane, at

stages of 5 MPa, increasing up to a cell pressure of

20 MPa. In this series of tests, the cell pressure was

increased in stages and the pore fluid pressure in the sample

was allowed to remain unaltered during the application of

the cell pressure. This provides some degree of assurance

that the surface region of the cylindrical sample where the

pulse tests are performed is not subjected to excess fluid

pressures. Between 3 and 9 hydraulic pulse tests were

conducted on each sample and at each stress level and the

fluid pressure applied to conduct the pulse test was main-

tained at 1 MPa. The evolution of permeability in the

samples of Lindsay Limestone with increasing confining

pressure up to 20 MPa and its subsequent reduction to the

reference confining pressure of 5 MPa are shown in Fig. 9.

For ease of comparison, the results for the cell pressure-

induced alteration in the permeability in the samples are

presented as absolute values so that the influence of the

isotropic stress history can be easily observed.

During the increase in the cell pressure up to 20 MPa,

both samples displayed an increase in the permeability

(increases of approximately 5.8 times for the sample 1 and

3.1 for the sample 2 (these are estimated using the averages

of individual curve fits). The permeability of the samples

was also measured during the unloading of the cell pressure

from 20 to 5 MPa, again in stages of 5 MPa. At the end of

the quasi-static cell pressure cycle, both samples experi-

enced increases in the permeability; increases of approxi-

mately 10.7 for sample 1 and approximately 5.0 for sample
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